To reduce the use of antibiotics in animal agriculture, a number of effective or commercially viable alternatives have been implemented by food animal producers or are under development. Perhaps the most well-established strategies are flock and herd management practices to mitigate disease introduction and spread, and, subsequently, reduce the need for antibiotic use. While vaccines in food animal production have been used to prevent both bacterial and viral diseases, but historically, most vaccines have targeted viral diseases. Though vaccines against viral diseases can help reduce the need for antibiotic use by controlling the spread of secondary bacterial infections, more recent vaccines under development specifically target bacteria. New developments in selecting and potentially tailoring bacteriophages provide a promising avenue for controlling pathogenic bacteria without the need for traditional small-molecule antibiotics. In this article we discuss these established and emerging strategies, which are anticipated to reduce the reliance on antibiotics in food animal production and should reduce the prevalence and transmission to humans of antimicrobial resistant bacteria from these systems.
Introduction
There is general agreement among experts that there should be a reduction in the use of medically important antibiotics in animal agriculture. However, even some nonmedically important antibiotics can lead to coselection of genes that confer broadspectrum resistance to drugs, including medically important antibiotics. As such, the overall use of antibiotics in food animals should be limited to the greatest extent possible without sacrificing animal health and welfare.
The most established approach to reducing antibiotic use in animal agriculture is through strategic management of poultry flocks and swine and cattle herds. This approach is multifaceted; there is no one single management practice that producers rely on, but instead a combination of practices, including stringent sanitation, waste management, biosecurity, vaccination programs, highquality nutrition, disease surveillance, and vector control at multiple stages of the production chain. The poultry industry is particularly conducive to this type of management because of the degree of vertical integration within the industry and the greater control at each production stage that this structure provides.
Across the different approaches, vaccination plays a critical and often cost-effective role in reducing antibiotic use by reducing the incidence and severity of high-impact diseases. However, there are examples where vaccines are available, such as those This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
against certain respiratory diseases in cattle, yet it may be more economical to treat diseased animals with therapeutic doses of antibiotics when the need arises.
In the United States, the Presidential Advisory Council on Combating Antibiotic-Resistant Bacteria investigated strategies to reduce antibiotic use and the barriers to the use of vaccines and other antibiotic alternatives. In their report in September 2017, the council concluded that it will likely be necessary for the government to incentivize the development of these products and perhaps even subsidize their use. 1 There are numerous avenues of research into antibiotic alternatives, some of which are described in this article. Perhaps the greatest excitement surrounds the potential application of bacteriophagebased therapy in animal agriculture, as is currently available for food safety and processing applications. Bacteriophages (or phages) are viruses that specifically infect bacteria; they can rapidly and efficiently kill their bacterial targets while simultaneously growing in numbers. This therapy would have numerous advantages over antibiotics; in particular, it would be safe for humans and the environment, and any resistance that emerges might be easier to manage than AMR from antibiotic use. However, phage research is largely confined to academic settings, as many biotechnology companies may be wary of getting involved because of potential uncertainties about profitability and how to deploy them most effectively. Like vaccine development, it will likely be necessary for governments to incentivize the development of phage-based therapies for animal agriculture.
This article will discuss how strategies to reduce antibiotic use in animal agriculture are being employed and the ongoing research into improving their utility. Our discussion is largely based on presentations at and deliberations of the integrated discussion group at the conference "Minimizing the Risk of Antimicrobial Resistance from Food Animal Production," hosted by the New York Academy of Sciences on May 8 and 9, 2018.
Flock and herd management
An effective way to reduce the risk of antibiotic resistance is to reduce the use of antibiotics in animal agriculture. 2 However, limiting antibiotic use may lead to increased incidence of disease if this is done without adding necessary strategic mitigation strategies that reduce introduction and transmission of disease. Indeed, as the proportion of broiler chickens raised without antibiotics (RWA) in the United States has grown from less than 10% in 2014 to nearly 50% in 2018, there has been a rise in the number of cases of enteric and respiratory diseases on poultry farms, including coccidiosis, clostridial enteritis, colibacillosis, and Staphylococcus-associated osteoarthritis and osteomyelitis. 3 On swine farms, the greatest threats to animal health are respiratory diseases, particularly influenza, porcine reproductive and respiratory syndrome (PRRS), and Mycoplasma hyopneumoniae; secondary bacterial infections associated with these diseases are also the most common reason for antibiotic use. 4 Similarly, the bovine respiratory disease (BRD) complex includes a variety of bacterial pathogens, notably Mannheimia haemolytica, which results in important economic losses for the cattle industry. 5 For milk producers, bovine mastitis is the costliest disease and the cause of most antibiotic use. 6 To reduce antibiotic use while maintaining animal health and welfare, veterinarians and producers employ numerous management strategies. 7 The application of these strategies is particularly feasible in the poultry industry because it is almost totally vertically integrated in the United States. In these systems, one company owns and oversees the many stages of large-scale poultry production, including feed mills and from breeding to hatchery to growout farm (for broiler chickens) to processing plant. 8 The components of a vertically integrated poultry operation are referred to in total as a broiler complex. For example, in the United States, 90-95% of broiler and breeder farmers of poultry and 48% of pigs are contracted by large integrators such as Tyson Foods and Smithfield, respectively. 9 In a vertically integrated system, integrators receive day-old breeding stock from the primary breeder companies (genetics companies). In the case of poultry, the primary breeder companies supply different strains of birds that have qualities considered important to the finished product of the integrated broiler complex. At this stage of production, the goal is to raise the immature breeding stock according to production standards and for the animals to remain free of infectious diseases. 10 Disease control is accomplished through multiple measures including vaccination programs, disease surveillance, sanitation, waste removal, and biosecurity in order to restrict the introduction and spread of pathogens onto and within farms. 11 When the immature breeders reach sexual maturity, they are moved to breeder farms where they produce fertile hatching eggs. The same management practices are used on breeder farms to mitigate disease occurrence. Additionally, key to limiting the amount of bacterial contamination that is passed from the breeder farm to the hatchery and, ultimately, to the broiler farm is ensuring that hatching eggs are properly handled and stored to limit bacterial contamination and subsequent bacterial bloom that can occur after hatching eggs are transferred to the hatchery for incubation and hatch. Hatcheries take similar measures to reduce disease challenge, including sanitation, vaccination of broiler chicks, and pest management. Shortly after hatching, the broiler chicks are transported to grow-out farms where they are raised to the target weight and subsequently taken to processing plants. 10 Whether on breeder or broiler farms, strategies are employed to reduce stress on the animal. Several strategies include the provision of a high plane of nutrition by using high-quality feed ingredients in diets that are formulated to optimize the birds' health and performance and by maintaining an optimal environment, including focusing on specific air quality, bedding material, and ambient temperature parameters. 7 As mentioned above, vaccination is important for controlling many poultry diseases, and it is increasingly used to reduce coccidiosis on grow-out farms, particularly as more farms move toward RWA production. 12 Dependence on alternative and/or ancillary ingredients, including organic acids, phytogenics, probiotics, enzymes, and minerals, is also becoming more common as RWA programs become more common.
There are many parallels between the poultry and swine industries in methods of flock/herd disease management. However, the latter has much less extensive vertical integration, and thus there is less consistent and programmed control over disease management methods. 13 Analogous to the poultry industry, the swine industry has made an extensive effort in the last 10 years to eliminate pathogens from the breeding stock by use of measures such as providing high-quality feed (particularly for recently weaned pigs), maintaining a hygienic environment and appropriate thermal control, and using biosecurity and disease surveillance methods. For example, pig farms in Minnesota and Iowa have increased their biosecurity measures by investing heavily in air filtration systems. Though lacking a vertically integrated system, the pig industry is attempting to ensure the health of animals by intensifying efforts to source all the pigs in a grow-out facility from the same breeder employing high-level biosecurity measures. And as in the poultry industry, in the pig industry vaccination programs are critical for reducing the incidence of certain high-impact diseases, such as M. hyopneumoniae.
Vaccines to prevent infections and reduce the need for antibiotics
Vaccines that prevent either bacterial or viral infections that lead to secondary bacterial infections should become an increasingly important part of a multifaceted approach to reduce antibiotic use, while protecting the health and welfare of food animals. [14] [15] [16] Currently, the majority of vaccines used in animal agriculture are antiviral, although some antibacterial vaccines are already critical to healthy and productive farming practice, such as vaccines against M. hyopneumoniae in the swine industry and against Salmonella and Pasteurella in the poultry industry.
There are several bacterial pathogens for which new or more effective vaccines could have a major impact on reducing antibiotic use across the different animal agriculture groups. Although commercial vaccines are available for managing coccidial infection and subsequent clostridial enteritis and Escherichia coli infections in chickens-two of the most critical pathogens in the poultry industry and main reason for antibiotic use-these vaccines are not consistently efficacious, and the methods for administering vaccine efficiently and effectively against coccidia are not optimized. 17 In many cases, improving vaccine efficacy in chickens will require improving technologies for vaccine mass administration, as poultry veterinarians prefer to immunize eggs or chicks in large batches rather than individual animals. If more effective vaccines were developed against viral diseases, such as infectious bronchitis and infectious bursal disease, and against bacterial infections secondary to coccidiosis infection, such as clostridia, this would significantly reduce 17 The OIE report also concluded that new or more effective vaccines against the following pathogens would have a high impact on reducing antibiotic use in the swine industry: Streptococcus, Haemophilus, Pasteurella, M. hyopneumoniae, Actinobacillus, E. coli, Lawsonia, Brachyspira, and bacterial infections secondary to PRRS, influenza, and rotavirus (Table 1) . 17 Because of the importance of secondary bacterial infections, antiviral vaccines against PRRS and influenza in pigs would also be highly beneficial (though their development is challenging because of high genetic variability of these pathogens).
In the dairy industry, new and improved vaccines against bacterial pathogens that cause mastitis, such as Staphylococcus, Streptococcus, and E. coli, would have enormous benefit, as mastitis is the most common reason for administering antibiotics in these animals and is the most costly disease to dairy farms. 18, 19 Additionally, there would be tremendous benefit to having an effective vaccine against the parasites that cause anaplasmosis, which has become a substantial problem in the cattle industry. 20 There are several challenges that need to be overcome in order to develop new vaccines, 1 however. For one, there are currently no models for predicting whether a new vaccine will be profitable considering the substantial research and development costs. For another, there are expectations among stakeholders that vaccines must be completely effective and prevent all cases of disease; but in reality, livestock vaccines that significantly reduce disease prevalence would make an important contribution to a farm's profit margin, 21 especially in cases where using antibiotics to control disease is not economically effective. As restrictions on antibiotic use and concerns for animal welfare grow, there likely will be greater acceptance of vaccines (even partially effective ones) and increased pressure to develop them; the resulting market competition could drive down production cost. 16 In addition to vaccines, a range of biologic agents and natural products are being utilized in animal agriculture with the goal of modulating immune responses and reducing disease prevalence. [22] [23] [24] Using antibodies for passive immunization has attracted much interest, particularly for the prevention of enteric diseases. Although mammalian-derived antibodies are often prohibitively expensive, chicken egg yolk antibodies could be cost-effective, and studies suggest they could prevent and control diseases such as bovine rotavirus and coronavirus. 18, 25, 26 There are also nonspecific biologic agents that elicit innate immune responses. Imrestor TM , which was approved by the U.S. Food and Drug Administration (FDA) in 2016, is a modified bovine neutrophil stimulating factor that enhances an innate immune response to prevent mastitis in dairy cows. 27 Similarly, Zelnate R is a DNA-liposome complex that induces innate immunity and reduces the prevalence of M. haemolytica, a causative agent of BRD, a leading cause of death and disease in cattle worldwide. 28 Among the myriad natural products being employed are essential oils, such as carvacrol and eugenol, that act as anti-infectives and immunomodulators. Other products such as medium chain fatty acids often meet the requirements for FDA "generally recognized as safe" (GRAS) designation, 29 however, it has been difficult to demonstrate the effectiveness of these products, and there are questions regarding dosing and effective delivery to specific areas within the body. 29 Overall, biologic agents and natural products are likely not as cheap, easy, efficacious as antibiotics, which thus far has hindered their acceptance by the farming community.
Bacteriophages as a new approach to reduce antibiotic use
There is mounting interest in developing bacteriophage-based products for administration to food animals as a new class of antimicrobial agent. Use of bacteriophages could have numerous advantages over antibiotics. Although bacteria can develop resistance to phages, the risk of resistance can be reduced by developing "cocktails" of two or more phages, which is feasible because phages are naturally numerous and diverse. Although not widely known today, phages were intensively studied as antibacterials in the preantibiotic era-early in the 20th century-and are still widely used for this purpose in parts of the world. Phages are abundant in the environment and the normal human microflora. These characteristics of phages have encouraged regulatory agencies, including the FDA, to consider types of phages known to be strictly virulent, i.e, they kill their target bacteria on infection and do not generally interact with mammalian or avian tissues, safe. In contrast, temperate phages can integrate their DNA into the bacterial genome and may persist in a dormant state in bacterial cells, potentially changing the characteristics of the bacteria without killing them; for this reason temperate phages are not used as therapeutics. [30] [31] [32] Although phage-based products are not yet available for administration to food animals during production, they have multiple applications in the food safety and processing industries. Phages that kill Listeria monocytogenes are used in ready-to-eat meats, processed fish, cheeses, frozen vegetables, and food contact surfaces. 33 In animal production and processing, Salmonella-specific phages have postharvest applications in chicken and pork processing and E. coli-specific phages are used in cattle hide wash. The FDA has given provisional GRAS status to 10 food safety therapies that are based on either a single phage or a phage cocktail against Listeria, Salmonella, Shigella, and Shiga-toxigenic E. coli, including E. coli O157:H7 since 2006 (Table 2) . 34 Research on the use of phages in animal agriculture has intensified particularly in the last 20 years. Multiple studies have explored the use of phages against Salmonella, pathogenic E. coli, Clostridium, and Campylobacter for the poultry industry and against Salmonella and pathogenic E. coli for the pig industry.
Despite the interest in phage-based therapeutics, the research field has been limited by several challenges. The current approach taken by most researchers is to isolate a collection of phages from the environment and test them for activity against a pathogen of interest. It is rare for the same phage to be evaluated more than once between studies, which makes it difficult to generalize research findings and develop the phages into a viable product. In many studies, phages were selected for use based on their ability to infect a particular pathogenic strain of interest, but beyond this basic characteristic, it is not clear how to predict which phages and treatment regimens would be the best candidates for commercial development. Most published applied phage research has been conducted in academic settings without input from biotech companies, and thus the research may not focus on bacterial targets that companies are interested in pursuing because the market is too small to offset the high cost of development. Finally, the intellectual property landscape for phage products is also unlike that of most traditional antimicrobials, as phages themselves are products of nature, and the practice of using phages as antibacterials dates back to the 1920s, resulting in a significant amount of prior art a that may interfere with patent protection. 37 To advance phage research, it will be necessary to move from the current, purely empirical mode toward a more systematic phage discovery approach that relies on a set of characteristics, such as phage size, phage class, or receptor usage, which could predict the best phage-based drug candidates. There are also many unknowns concerning the interaction of phages with a given host's immune system and the pharmacokinetics of phages. 38 Future research is needed in these areas to help inform the development and design of phage-based therapy. As more phages are isolated from the environment and a Prior art is any evidence that your invention is already known. characterized, and as phage libraries are expanded, the research field may increasingly move toward engineering phages by starting with a so-called "platform" phage and genetically modifying it to have certain properties. 39 There are early indications that the FDA would not evaluate such genetically modified phages differently from other, naturally occurring phages.
Another important issue in phage research is determining the diseases that represent the most feasible targets for phage-based therapy. Phages generally have a very narrow range of activity against a single bacterial species, more typically against a subset of strains within a species, which means careful planning must occur in the development of a phage product if it is to have activity against most or all strains of a pathogenic species. An alternative would essentially be precision medicine for animal agriculture, that is, adopt similar approaches to how phages are being studied, and increasingly used experimentally, in human medicine. 40, 41 A precision medicine model would, however, be a significant departure from how antimicrobials are currently used in food-animal industry. In either case, the specificity of a given phage influences the choice of target for phage applications. For example, infections that are caused by genetically homogeneous pathogens such as L. monocytogenes, or a single bacterial serotype such as E. coli O157:H7, are more attractive phage-therapy candidates, whereas a disease such as BRD would be more challenging to treat using phages because BRD can be caused by multiple bacterial pathogens. Currently, as mentioned above phages are most commonly used in food safety for controlling Listeria and E. coli O157:H7. On the other hand, the specific antibacterial activity of phages has certain advantages, including not killing beneficial bacteria and resistance development that would only arise in the target bacteria, thus avoiding cross-resistance.
Bacteria develop resistance to phages at fairly high rates of about 1 in 10 6 to 1 in 10 8 bacterial cells, depending on the phage (similar to the rates bacteria can develop resistance to certain antibiotics, such as streptomycin). A common mechanism of resistance is the loss of the bacterial surface feature (receptor) that the phage uses to recognize and adsorb to the cell. 42 However, this can be circumvented by developing a cocktail of phages that use different receptors, as spontaneous mutation and loss of multiple receptors is comparatively less probable, and, in addition, bacteria may become less fit as they lose surface features. 33 In addition, bacteria can carry antiphage defense mechanisms, such as restriction-modification-, toxin-antitoxin-, and CRISPR-Cas-based systems. 33, 42 However, phages can still be active against bacteria with such defense systems because in many cases the initial phage infection event is fatal to the bacterial cell, even if the phages are unable to replicate and lyse their host. As such, it is important to consider resistance in the context of phage-based agents as the inability of a phage to kill its target strain, rather than the traditional definition of lack of plaque formation, 43 This definition is relevant in phage applications, where replication of the phage is not required to effect significant bacterial reductions because the number of phages is greater than that of the target bacterial cells to such a degree that essentially all of the accessible cells are infected shortly after application. Such a situation might occur in the treatment of surface bacterial contamination (e.g., hides, foods, or equipment) with a phage preparation sufficient to infect every bacterial cell, and where the treatment site is fully exposed and contact time is limited. Calculations used in phage biocontrol on foods 44 may become relevant for such applications as well.
In other situations, such as the systemic treatment of live animals, multiple rounds of in situ phage replication may be required to achieve treatment over a more extended period. In these cases, measurements of phage sensitivity that include the phage's ability to propagate and infect new hosts would be appropriate.
Recently, there has been research exploring an alternative use of phages to combat antibiotic drug resistance. In this context, engineered phages deliver CRISPR-Cas systems into bacteria to destroy antibiotic resistance genes, rather than killing the bacteria outright. Another interesting phage-based avenue for control of pathogens, such as Staphylococcus in mastitis, is the use of phage-encoded lysins such as endolysins. Endolysins are the enzymes phages produce in order to destroy the bacterial cell wall, allowing progeny phage to escape from the infected cell. In Gram-positive bacteria, these enzymes also work from outside the cell, and research has shown that the enzymes may be promising as an intervention in diseases such as mastitis. 45 
Judicious antibiotic use
Despite efforts to reduce their use, antibiotics cannot currently be avoided in cases of serious illness, such as secondary bacterial infections following PRRS infection on pig farms and during certain stages of food animal production. For example, antibiotic administration is critical in neonatal pigs to avoid septicemia and infections related to castration and tail docking. Indeed, even Denmark and Holland, which have surpassed other countries in reducing antibiotic use in animal agriculture, still rely on antibiotics in these settings. Additionally, in newly weaned pigs (3-4 weeks of age) antibiotics are administered to reduce opportunistic infections, such as E. coli, Actinobacillus, and Mycoplasma, which are difficult to control through biosecurity measures.
In cases where they are used in animal agriculture, antibiotics critically important to human medicine must be avoided. However, certain producers, particularly in RWA systems, have eliminated from their operations the use of nonmedically important antibiotics, such as ionophores and bacitracin. There is anecdotal evidence that the move away from nonmedically important antibiotics has the counterintuitive effect of increasing the use of medically important antibiotics to treat secondary infections and complications. Given this, one of the most effective ways to reduce antibiotic use, particularly the use of medically important antibiotics, while preserving animal health and welfare, would be to grant protected status to ionophores and bacitracin as safe for animal use.
To help ensure judicious antibiotic use, there is increasingly greater veterinary oversight. In 2014, the American Association of Avian Pathologists and the American Veterinary Medicine Association issued guidelines for judicious antibiotic use on poultry farms, guidelines including veterinary oversight, diagnostic testing prior to antibiotic administration, and treating "as small a population as possible" with "as specific an antibiotic as possible" for the indicated disease. 46 There are also greater efforts to educate independent producers that are not part of vertically integrated systems and who may have less veterinary oversight. The Pork Quality Assurance Plus program, revised in 2013, educates producers about strategies to reduce the level of antibiotic residue on farms and in food animal products. 47 
Conclusions
Reducing the use of antibiotics in food animals will undoubtedly demand a multifaceted approach. Established practices within flock and herd management, including environmental and nutritional optimization, biosecurity, sanitation, and disease surveillance, are critical and must be expanded, particularly in the swine and cattle industries where vertical integration is less extensive than in the poultry industry. The development and utilization of emerging approaches, from new and more effective vaccines to potential phage-based therapies, will likely complement these practices. However, due to the present high cost and uncertainties related to profitability and market acceptance of vaccine and phage-based products, it will likely be necessary for the United States and other governments worldwide to incentivize their development, and possibly subsidize their use.
Ultimately, however, reducing the risk of antibiotic resistance due to animal agriculture cannot rely solely on reducing the use of antibiotics in food animals. There are examples of antibiotic resistance even on farms within RWA operations. It is critical for producers, farmers, and veterinarians, therefore, to assess the background buildup of antibiotic resistance; yet these types of surveillance systems are not currently in place.
